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APPLIED PHYSICS

Nanoscale optical writing through upconversion

resonance energy transfer

S.Lamon'?, Y. Wu?, Q. Zhang', X. Liu®*%, M. Gu™%*

Nanoscale optical writing using far-field super-resolution methods provides an unprecedented approach for
high-capacity data storage. However, current nanoscale optical writing methods typically rely on photoinitiation
and photoinhibition with high beam intensity, high energy consumption, and short device life span. We demonstrate
a simple and broadly applicable method based on resonance energy transfer from lanthanide-doped upconversion
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nanoparticles to graphene oxide for nanoscale optical writing. The transfer of high-energy quanta from upconversion
nanoparticles induces a localized chemical reduction in graphene oxide flakes for optical writing, with a lateral
feature size of ~50 nm (1/20th of the wavelength) under an inhibition intensity of 11.25 MW cm™2. Upconversion
resonance energy transfer may enable next-generation optical data storage with high capacity and low energy
consumption, while offering a powerful tool for energy-efficient nanofabrication of flexible electronic devices.

INTRODUCTION

In the Data Age, high-density optical data writing is a key technology
to store information (1). Multiplexed digital data storage in quartz
glass has marked the rebirth of optical data storage for big data (2, 3).
However, femtosecond laser nanostructuring of fused quartz glass
prevents energy-efficient optical writing at the nanometer scale
needed for sustainable optical clouds. Nanoscale optical writing using
far-field super-resolution methods provides an unprecedented
approach for high-capacity data storage (4, 5). However, current
nanoscale optical writing methods typically rely on photoinitiation
and photoinhibition with high beam intensity, high energy con-
sumption, and short device lifetime (6-14).

Lanthanide-doped upconversion nanoparticles (UCNPs) (15),
which can optically convert a low-energy near-infrared beam into
high-energy ultraviolet (UV) or visible photons, have facilitated photo-
activation in lithography (16), theranostics (17), photoswitching (18),
optogenetics (19), and optical memory (20). Furthermore, UCNPs
exhibit long-lived excited energy levels for reduced transition rates
compared with organic fluorophores, enabling low-power stimulated
emission depletion (STED) microscopy (21, 22). Thus, we reasoned
that localized control of electronic transitions in UCNPs through
far-field super-resolution methods would allow energy transfer-
driven, low-power photoactivation for optical writing beyond the
diffraction resolution barrier.

Here, we demonstrate nanoscale optical writing using UCNPs and
graphene oxide (GO) (23) as the substrate. Our approach involves
the resonance energy transfer (RET) (24) of high-energy quanta
from UCNPs to induce a localized chemical reduction in GO flakes.
Using dual-beam super-resolution irradiation, we achieve optical
writing of features with a lateral feature size of ~50 nm (1/20th of
the wavelength) under an inhibition intensity of 11.25 MW cm >,
Furthermore, we exploit quenching of upconversion luminescence
by the formed reduced GO (rGO) for high-contrast subdiffraction
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optical readout of the written features, which lays the potential for
nanoscale all-optical memory.

RESULTS

The principle of RET-assisted (RETA) optical writing on a GO-
conjugated UCNP substrate is illustrated in Fig. 1. We used one
980-nm beam for writing through GO reduction to rGO, assisted by
RET of high-energy quanta generated in UCNPs by optical up-
conversion of near-infrared light (Fig. 1A). We used a second 808-nm
beam for inhibition of GO reduction by preventing high-energy
quantum generation in UCNPs through de-excitation of intermediate
excited states. This optical writing differs from those diffraction-
limited methods through photothermal or photochemical processes
because of uncontrolled GO reduction (25). RETA optical writing
allows one to fabricate subdiffraction features on nanocomposite
substrates by shaping the inhibition beam into a doughnut with
zero intensity at the central point (Fig. 1B).

Many combinations of light-sensitive materials are suitable as
RET donor-acceptor pairs for nanoscale RETA optical writing,
wherein the subdiffraction feature size depends on the intensity of
the inhibition beam and the saturation intensity of the material. The
advantages of using GO-conjugated UCNPs are (i) UCNPs gener-
ate localized high-energy quanta, which enables GO reduction with
high spatial confinement for nanoscale optical writing; (ii) UCNPs
have long-lived excited states with reduced transition rates, which
enables low-power inhibition using continuous-wave (CW) laser
sources; and (iii) GO can undergo reduction to rGO, which pro-
vides a convenient pathway for energy-efficient nanofabrication of
devices based on graphene-like materials.

Figure 1C shows the normalized intensity distribution of the
980-nm writing beam with a Gaussian shape (writing), the 808-nm
inhibition beam with a doughnut shape (inhibition), and their spatial
overlap (writing + inhibition) along the radial direction in the focal
plane, simulated through the vectorial Debye theory for a high
numerical aperture (NA) objective (26). UCNP-induced GO reduc-
tion is confined to a subdiffraction region at the central point of the
doughnut. In a proof-of-principle experiment, subdiffraction fea-
tures were fabricated on the nanocomposite through RETA optical
writing (Fig. 1, D and E, and fig. S1). The resulting subdiffraction
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Fig. 1. Principle of nanoscale RETA optical writing on a GO-conjugated UCNP nanocomposite. (A) The writing beam induces GO reduction through RET of high-energy
quanta from UCNPs, while the inhibition beam inhibits GO reduction through suppression of high-energy quantum generation in UCNPs. (B) The experimental setup of
a dual-beam super-resolution configuration that enables writing of subdiffraction features on the nanocomposite. (C) Simulated intensity distribution of the 980-nm
writing beam with a Gaussian shape (writing), the 808-nm inhibition beam with a doughnut shape (inhibition), and their spatial overlap (writing + inhibition) along the
radial direction in the focal plane. (D) Simulated intensity distribution on the nanocomposite irradiated with the dual-beam super-resolution configuration (writing +
inhibition) with a writing beam intensity of 0.13 MW cm™ and an inhibition beam intensity of 11.25 MW cm™2. (E) Simulated intensity profile along the dashed line in
(D). (F) The 450-nm upconversion luminescence emission intensity from the nanocomposite after irradiation with the dual-beam super-resolution configuration (writing +

inhibition). (G) Intensity profile along the dashed line in (F). a.u., arbitrary units.

features were characterized through fluorescence quenching micros-
copy combined with UCNP-enabled STED microscopy. The line
profile analysis showed a lateral feature size after deconvolution and
Gaussian fitting of ~50 nm (1/20th of the wavelength) for a writing
beam intensity of 0.13 MW c¢m ™2 and an inhibition beam intensity
of 11.25 MW cm” (Fig. 1, F and G).

The key to achieving nanoscale RETA optical writing was to
develop UCNPs capable of inducing localized and efficient GO re-
duction, which occurs over the energy threshold of 3.2 eV (corre-
sponding to photons with the wavelength of 387 nm) (27). For this
purpose, we synthesized hexagonal-phase Yb(30%)/Tm(4%) codoped
NaYF, UCNPs with an average diameter of 24 nm (figs. S2 and S3).
This size guarantees high spatial confinement for efficient RET,
which occurs within a few nanometers, and enhanced optical reso-
lution. Furthermore, the UCNPs showed efficient depletion of up-
conversion emission under dual-beam irradiation (figs. S4 to S7).
This feature indicates that the high-energy quantum generation in
the UCNPs can be prevented and, thus, enables inhibition of RETA
optical writing. Differently from reported highly doped UCNPs with
~20% doping of Yb** that exhibit a low intensity of high-energy
upconversion emission (21, 22), our UCNPs had increased doping
of Yb*" sensitizer up to 30% along with Tm>* emitter to enhance the
absorption cross section of the UCNPs for intense upconversion to
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the 'D, and 'I¢ levels of Tm>®*. As a result, the UCNPs showed
intense upconversion emission bands at 345 and 360 nm (corre-
sponding to photons with the energy of 3.6 and 3.4 eV, respectively)
upon 980-nm excitation (figs. S8 to S10). This upconversion emis-
sion spectrum resulted in a strong overlapping with the absorption
spectrum of GO (spectral overlapping J = 2.7 x 10" nm* M ™' cm™)
(fig. S11) and a RET efficiency Ergr of ~83% (figs. S12 and S13),
yielding an ideal condition for RETA optical writing.

The nanocomposite based on UCNPs conjugated with GO was
prepared by placing a monolayer thin film of single UCNPs on
single-layer GO nanosheets through controlled electrostatic self-
assembly (Fig. 2A and figs. S14 to S16). This facile and scalable con-
figuration ensures proximity of the UCNPs to GO nanosheets and
dissipation of deleterious photo-generated heat. Two-color confocal
microscopy imaging of the resulting nanocomposite was performed
by recording upconversion emission at 450 nm from UCNPs upon
980-nm excitation and two-photon excitation (TPE) fluorescence at
650 nm from GO upon 880-nm excitation (Fig. 2B). Our results
showed large-scale uniformity and superb control over the two
components of the nanocomposite. It is well known that GO reduc-
tion results in an increased absorption coefficient, which enables
quenching of nearby fluorophores and decreased TPE fluorescence
because of elimination of oxygen-containing groups and varied sp*
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Fig. 2. RETA optical writing and dual-channel characterization. (A) Scanning electron microscopy (SEM) imaging of the nanocomposite based on the UCNPs conju-
gated with a GO flake. Inset: High-resolution SEM imaging of the nanocomposite. (B) Two-color confocal imaging of the nanocomposite, recording upconversion emis-
sion from the UCNPs (left) and TPE fluorescence from the GO flake (right). (C and D) Time-dependent measurements of upconversion emission and TPE fluorescence
during RETA optical writing. Insets: Dual-channel characterization of single features through upconversion emission quenching and TPE fluorescence damping. Scale bar,
200 nm. (E and F) Upconversion emission and TPE fluorescence raster scans of patterns of features fabricated through RETA optical writing. Insets: High-magnification
images of 3 x 3 features and the original photos reproduced in the patterns. (G and H) Intensity profiles along the dashed lines in the insets of (E) and (F).

and sp’ hybridizations (28). We exploited these two phenomena as
characterization tools to investigate the dynamics of UCNP-induced
GO reduction during RETA optical writing (fig. S17). Time-dependent
measurements indicated ~40% quenching of upconversion emission
and ~50% decrease in TPE fluorescence after 30 s of irradiation of
the nanocomposite with a writing beam intensity of 0.13 MW ¢m >
(Fig. 2, C and D, and fig. S18). The amount of high-energy quanta
generated in the UCNPs was estimated to be of 1.6 x 10~ quanta
cm 2. This value matches with that reported for GO reduction un-
der UV irradiation (27) and provides evidence of UCNP-induced
GO reduction during RETA optical writing.

The proposed mechanism for UCNP-induced GO reduction is
reported as follows (Eq. 1)

UCNPs-GO + hv — UCNPs*

-GO-REL yCNPs-GO* — UCNPs-1GO @
where h is Planck’s constant and v is the frequency of the excitation
at a wavelength of 980 nm. Irradiation of the nanocomposite
(UCNPs-GO) by the writing beam causes excitation of the UCNPs
(UCNPs*-GO) and generation of high-energy quanta through up-
conversion to the 'D; and 'I¢ levels of Tm". For the GO-conjugated
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UCNPs, the energy match between these energy levels and the ©
orbital of GO results in strong orbital overlapping (fig. S19). Thus,
RET from the UCNPs to GO (UCNPs-GO¥*) provides the energy
required for activation of oxygen groups such as hydroxyl (O—H,
0.7 eV), epoxy (C—O—C, 1.9 to 2.1 eV), carbonyl (C=0, 3 to 4 V),
and carboxyl (COOH, 3 to 4 eV) groups, which results in GO re-
duction to rGO (UCNPs-rGO).

Figure 2 (E and F) shows raster scans of patterns comprising
50 x 50 features with a spacing of 0.97 um fabricated in the nano-
composite through RETA optical writing. The patterns reproduce
photos of a leaf and a kangaroo, which were retrieved through de-
tection of the quenching of upconversion emission and the decrease
in TPE fluorescence, respectively. The contrast of the features was
defined as |I; - I{/I;, where I; and It were the signal intensity before
(initial) and after (final) RETA optical writing, respectively. The
features had an average size of ~480 nm (Fig. 2, G and H), which
well agrees with the expected diffraction limit of the wavelength of
the writing beam. Considering the uniform coverage of the UCNPs
on GO nanosheets, we estimated that ~300 UCNPs contributed to
GO reduction for each feature.

Figure 3A shows the inhibition of RETA optical writing in the nano-
composite. Patterns comprising 50 x 50 features with a spacing of
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Fig. 3. Inhibition of RETA optical writing under dual-beam irradiation. (A) Se-
lective inhibition of UCNP-induced GO reduction under dual-beam irradiation.
Inset: The original photo reproduced in the patterns. (B) Raman spectroscopy and
(C) FTIR spectroscopy of the nanocomposite at the initial stage, after writing and
after writing + inhibition of features through UCNP-induced GO reduction.
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0.97 um and a reproduced photo of the Sydney Opera House were
fabricated through irradiation with the writing beam and through
co-irradiation with the writing and inhibition beams spatially coinci-
dent. Fluorescence quenching microscopy of the resulting features
showed quenching of upconversion emission from the UCNPs after
irradiation with the writing beam, which verifies GO reduction. By
contrast, the intensity of the signal did not change noticeably after
co-irradiation with the inhibition beam, which demonstrates inhibi-
tion of GO reduction. Raman spectroscopy of the nanocomposite
showed two broad peaks at 1353 and 1605 cm ™, which correspond
to the D and G bands of GO, respectively (Fig. 3B). After irradiation
with the writing beam, the ratio between the intensity of the D and
G bands (Ip/Ig)—which relates to the number of defects in the
material due to GO reduction—varied from 1.08 to 0.94, whereas
after co-irradiation with the inhibition beam, the difference was
negligible. Fourier transform infrared (FTIR) spectroscopy con-
firmed further evidence of the ability to inhibit GO reduction
(Fig. 3C). After irradiation with the writing beam, the peak intensities
of O—H bonds (3000 to 3700 cm '), C=0 bonds (1730 cm™), and
C—OH bonds (1220 to 1230 cm™) decreased compared with those
measured at the initial state. By contrast, minor variations were
noticed after co-irradiation with the inhibition beam.

To study RETA optical writing at the nanoscale under dual-
beam super-resolution irradiation, we carried out steady-state model-
ing based on differential rate equations for the UCNP-GO system
(fig. S20). In our model, irradiation of the nanocomposite with the
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Fig. 4. Nanoscale RETA optical writing. (A) Inhibition of high-energy quantum generation in the GO-conjugated UCNPs under dual-beam irradiation with increasing
intensity of the inhibition beam. (B) Lateral feature size under dual-beam super-resolution irradiation with increasing intensity of the inhibition beam. (C) Readout after
diffraction-limited (left) and nanoscale (right) RETA optical writing of patterns. Insets: Magnified images of 2 x 2 features and the original photo reproduced in the pat-
terns. (D) Intensity profiles along the dashed lines in the insets of (C) (black, diffraction limited; red, nanoscale).
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writing beam induces GO reduction through RET of high-energy
quanta generated in the UCNPs, whereas co-irradiation with the
inhibition beam inhibits GO reduction by preventing high-energy
quantum generation. We experimentally confirmed the theoretical
predictions by achieving inhibition with an efficiency of ~95% and
saturation intensity I of ~250 kW cm 2 under dual-beam irradiation
(Fig. 4A and figs. S21 to $23). In comparison, other photoinhibition
methods through photoluminescence (6, 7), STED (8), photodeactivation
(9, 10), photoradical generation (11-13), and photoabsorption (14)
typically require inhibition beam intensities to achieve saturation be-
tween ~10* and ~10” W cm ™2, while photoinhibition methods through
photochromism and photoswitching (29-33) require inhibition beam
intensities to achieve saturation between ~1 and ~10° W cm ™ be-
cause of their inherently low saturation threshold.

These results facilitated the generation of subdiffraction features
in the nanocomposite using a dual-beam super-resolution configura-
tion (Fig. 4B and figs. S24 to 526). Figure 4C shows the comparison
between two raster scans of patterns of features reproducing a photo
of a musical note, which were retrieved through fluorescence quench-
ing microscopy. The patterns comprising 50 x 50 features with a
spacing of 195 nm were fabricated in the nanocomposite through
RETA optical writing using a conventional confocal single-beam
(writing) configuration and a dual-beam super-resolution (writing +
inhibition) configuration. Whereas the confocal configuration
blurred the features, a dual-beam super-resolution configuration
enabled RETA optical writing of features with a lateral feature size
of 54 nm after deconvolution and Gaussian fitting. This value
corresponds to the use of only two UCNPs to induce GO reduc-
tion through RET (Fig. 4D). These results lay the foundation for
nanoscale all-optical memory where individual GO-conjugated
UCNPs are used for writing nanoscale optical data bits through
localized GO reduction. The formed rGO enhances the quenching
of upconversion emission from the adjacent UCNPs, hence the
basis for reading subdiffraction optical data bits. Because upconver-
sion based on multiphoton absorption nonlinearly depends on the
intensity of the excitation beam (34), GO-conjugated UCNPs can
be used to confine optical writing to small voxels within the focus of
the objective.

DISCUSSION

Considering a lateral separation and axial separation of 2.5 times
and 8 times the achieved lateral feature size (4), we estimate that this
scheme enables a projected maximal DVD-sized single-disc data
storage capacity approaching 700 TB. Furthermore, upconversion
RET requires 10*-fold lower beam intensity for writing of optical
data bits compared with the nanostructuring of fused quartz glass
(2, 3). In principle, enhancing high-energy upconversion in UCNPs
(35-39) and tuning the content of oxygen functional groups in GO
(40) enable up to 10*-fold improved writing efficiency for exposure
times of milliseconds and energy consumption of microjoules per
bit. Multifocal array techniques (41-45) enable throughputs of up
to ~2.3 Gbps by detecting 450-nm upconversion luminescence (46).
The restoration of the oxygen-containing groups in rGO through
oxidation might allow multiple writing/readout cycles for rewritable
memory. Selecting thermodynamically stable GO (47-51) and em-
bedding the nanocomposite into a protective matrix (52-56) enable
prolonged stability of the written features. The use of GO-conjugated
UCNP-based optical memories with high capacity and low-power
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consumption is thus convenient for tackling growing demands for
a sustainable data storage strategy in the Data Age.

MATERIALS AND METHODS

Reagents

Yttrium (III) acetate hydrate (99.9%), ytterbium (III) acetate tetra-
hydrate (99.9%), thulium (III) acetate hydrate (99.9%), sodium
hydroxide (>98%), ammonium fluoride (>98%), 1-octadecene (90%),
oleic acid (OA) (90%), and GO (2 mg ml™}) in water solution were
purchased from Sigma-Aldrich. All chemicals were used as received
without further purification.

Synthesis of Yb/Tm co-doped NaYF; UCNPs

The Yb/Tm co-doped NaYF, UCNPs were synthesized through the
widely used coprecipitation method (57). The typical inorganic
crystalline matrix NaYF, was selected to host the Yb** and Tm>*
ions to guarantee intense upconversion emission and chemical
stability of UCNPs. The OA ligand was removed from the surface of
UCNPs for water dispensability.

Synthesis of NaYF4:Yb/Tm (30%, X%, X=1, 2, 4, 6,

and 8) UCNPs

For the synthesis of the NaYF,:Yb/Tm (30%, X%, X =1, 2, 4, 6, and
8) UCNPs, 2 ml of RE(CH3CO,)3 (0.4 mMm, RE =Y, Yb, and Tm) in
water was poured into a 50-ml flask containing 3 ml of OA and 7 ml
of 1-octadecene. The mixture was heated at 150°C for 1.5 hours to
promote the formation of the RE-oleate complexes and subsequently
allowed to cool to 50°C. Then, 6 ml of methanol solution with NH4F
(1.6 mm) and NaOH (1 mm) was poured into the flask, and the re-
sulting solution was stirred for 30 min. The temperature was then
raised to 100°C to prompt the evaporation of methanol. After
degassing for 20 min, the resulting mixture was heated to 290°C,
maintained under a flow of nitrogen for 2 hours, and cooled to
room temperature. The as-synthesized Yb/Tm co-doped NaYF,
UCNPs were collected via centrifugation, washed with cyclohexane
and ethanol, and, lastly, redispersed in cyclohexane (4 ml).

Synthesis of hydrophilic UCNPs by removing OA ligand

UCNPs capped with OA were dispersed in a 2 ml of HCI solution
(0.1 M) and ultrasonicated for 15 min to allow removal of the surface
ligands. After that, UCNPs were collected via centrifugation at
16,500 rpm for 20 min and purified by addition of an acidic ethanol
solution (pH 4; prepared by mixing 0.1 m HCI aqueous solution with
absolute ethanol). Ethanol and deionized water were used to wash
UCNPs several times, which were then redispersed in deionized water.

Preparation of a nanocomposite based on UNCPs
conjugated with GO
The preparation of a nanocomposite based on UCNPs conjugated
with GO consisted of two steps:

« Step 1: Deposition of single-layer GO nanosheets onto indium
tin oxide (ITO)-coated coverslip;

o Step 2: Self-assembly of single UCNPs onto single-layer GO
nanosheets.
Step 1: Deposition of single-layer GO nanosheets
onto ITO-coated coverslip
Single-layer GO nanosheets were deposited from water solution
onto precleaned and salinized ITO-coated coverslip. The substrates
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were immersed in acetone for 2 min and allowed to dry to ensure
the absence of oil or water. The silane solution was prepared by
mixing 200 ul of 3-triethoxysilylpropylamine solution (Sigma-Aldrich,
[3-aminopropyl]triethoxysilane 99%) with 5 ml of acetone, obtain-
ing a 2% solution. The clean and dry substrates were dipped into the
silane solution for 2 min. The silane reacted with the OH groups of
the coverslip, linking aminoalkyl groups to it through covalent bonds.
The resulting surface promoted the attachment of single-layer GO
nanosheets to the coverslip. The substrates were washed with de-
ionized water and allowed to dry. Single-layer GO nanosheets were
deposited onto salinized ITO-coated coverslip by immersing each
substrate into a water solution of GO at a concentration of 10 ug ml™
for 5 s and then into a flask with deionized water for 30 s and, lastly,
air dried.

Step 2: Self-assembly of single UCNPs onto

single-layer GO nanosheets

Self-assembly was obtained by exploiting the electrostatic attraction
between positively charged UCNPs and negatively charged GO
nanosheets in an aqueous environment. Briefly, 100 ul of 0.1 um
UCNP solution was placed onto the ITO-coated coverslip, where
single-layer GO nanosheets were previously deposited, according to
Step 1. The solution was kept for 30 min to enable self-assembly of
UCNPs onto the single-layer GO nanosheets. Then, the substrate
was rinsed with deionized water to eliminate the excess of UCNP
solution. By tuning the concentration of UCNPs in water and the
deposition time, the areal density of the layer of self-assembled
UCNPs could be controlled accurately. UCNPs deposited prevalently
onto the GO nanosheets with negligible residue onto the substrate
because of the electrostatic repulsion between UCNPs and silane
groups previously formed onto the ITO-coated coverslip.

Characterization

Transmission electron microscopy (TEM) was performed using a
JEOL 1010 TEM (2001) at an accelerating voltage of 100 kV
equipped with Gatan Orius SC600 CCD Camera (2014). X-ray
powder diffraction (XRD) patterns were obtained on a Bruker AXS
D4 Endeavor wide-angle XRD instrument with a Cu Ka radiation
source at A = 1.54056 A. Upconversion emission spectra were analyzed
using an Andor Shamrock SR-500i imaging spectrometer equipped
with an iXon EMCCD Camera using a CW laser at the wavelength
of 980 nm (Thorlabs, BL976-PAG900) as a near-infrared light
source at a power of 1 mW. UV-visible absorption spectra were
collected by using an Agilent Cary 60 UV-Vis Spectrophotometer.
The morphology analysis of the samples was carried out with an FEI
Verios 460L field emission gun scanning electron microscopy at an
accelerating voltage of 3 kV. Atomic force microscopy imaging was
conducted with a Bruker Dimension Icon. An 80-MHz Ti:sapphire
femtosecond laser (Coherent, Chameleon Ultra II) tuned at the
wavelength of 880 nm was used as the excitation source for TPE flu-
orescence imaging of the nanocomposite. A mercury light source
(Olympus, U-LH100HG) was used to photochemically reduce the
GO in water solution. Unless otherwise noted, characterizations of
the synthesized materials were performed at room temperature.

Dual-beam super-resolution optical system setup

The dual-beam super-resolution optical system setup was built on
the basis of a custom-made confocal microscopy system. The samples
were placed on a computer-controlled high-precision nanoposition-
ing system based on a three-axis piezostage (Physik Instrumente,
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P-562.3CD). A beam at the wavelength of 980 nm from a CW laser
(Thorlabs, BL976-PAG900) was used for excitation of UCNPs. After
being collimated, the beam at the wavelength of 980 nm passed through
two long-pass dichroic mirrors and was focused onto the sample by
an oil immersion objective lens (Olympus, MPLAPON100XO2). The
first dichroic mirror DC1 (Semrock, FF850-Di01-t1-25x36) also
allowed a collimated 808-nm CW laser (Lumics, LU0808M250) for
depletion of UCNPs to be combined with a 980-nm CW laser. The
upconversion emission was collected by the same objective, separated
from the beams at the wavelengths of 980 and 808 nm by the second
dichroic mirror DC2 (Semrock, FF705-Di01-25x36), and coupled
into a multimode fiber (Thorlabs, FGO50LGA), which was connected
to a single-photon avalanche diode (SPAD) (Excelitas Technologies,
SPCM-AQRH-14-FC). A bandpass filter (Semrock, FF01-442/46-25)
and a short pass filter (Semrock, FF02-694/SP-25) were inserted in
the detection pathway to select the upconversion emission bands
for imaging and measurements of the lifetime. A flipping mirror
was also inserted to couple the signal with a spectrometer (Andor
Shamrock SR-500i imaging spectrometer equipped with iXon
EMCCD camera) for acquisition of upconversion emission spectra.
For super-resolution imaging, a quarter waveplate (Thorlabs,
WPQ10M-808) was used to convert the beam at the wavelength of
808 nm into circular polarized. A half waveplate (Newport, 10RP52-2)
was also used to optimize the quality of the circular polarization and
control the power of the beams in combination with Glan-Thompson
prisms (Thorlabs, GTH10-A and GTH10-B). Last, a vortex phase plate
(RPC Photonics, VPP-1a) was placed in the path of the 808-nm beam to
generate a doughnut-shaped point spread function in the focal plane.

Upconversion emission lifetime measurement setup

For the measurements of upconversion emission lifetime, the beam
at the wavelength of 980 nm from a CW laser (Thorlabs, BL976-
PAG900) was modulated using an acousto-optic modulator (AOM)
(AA OPTO-ELECTRONIC, MT110-A1-VIS/IR/1064) for 50-us pulses
with a frequency of 100 Hz for excitation of upconversion emission.
The emitted photons went through a bandpass filter (Semrock,
FF01-442/46-25) and a short pass filter (Semrock, FF02-694/SP-25)
and were detected by a SPAD (Excelitas Technologies, SPCM-
AQRH-14-FC). The trigger signal from the AOM was synchronized
with the SPAD using a data acquisition (DAQ) card (National In-
struments, cDAQ-9171). The effective emission decay time, Tesr, was
calculated by

tor = 5 o I(r) dt @)

where I(t) denotes the emission intensity as a function of time, t and
I represents the maximum emission intensity. The RET efficiency,
Eggr, was derived from the upconversion emission lifetime mea-
surements and calculated as

TDA
- 3)

ERrgr

where tpy and 1p are the lifetime of the donor (UCNPs) in the pres-
ence and absence of the acceptor (GO), respectively.

Determination of the spectral overlap integral J

The spectral overlap integral J of the RET pair comprising UCNPs
and GO was calculated using the software FluorTools a|e. The
wavelength range between 200 and 600 nm was evaluated. For
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GO, the maximum absorption coefficient was estimated to be
180,000 L m ' em ™.

Temperature rise in GO under irradiation with a CW laser

The temperature rise in GO under irradiation with a CW laser pro-
duces photothermal GO reduction (58), causing uncontrolled photo-
damage of GO and thus preventing nanoscale optical data writing
and readout. A single-layer configuration of GO nanosheets was
adopted to ensure efficient heat dissipation to the surrounding
environment and avoid deleterious temperature increase in the
sample. The temperature rise in a single-layer GO nanosheet under
irradiation with a CW laser was estimated on the basis of a theoretical
model that relies on an energy balance argument (59). The steady-
state thermal increase AT experienced by a single-layer GO nanosheet
upon absorbing irradiation of a CW laser is

I-(1-10™%
AT = (hair + hsub) (4)
where I is the intensity of the incident beam, A, is the absorbance
at the irradiation wavelength, and h,;; and hyy, are the interfacial
thermal conductance between GO and the surrounding air and sub-
strate, respectively. Specifically, the absorbance of a single-layer GO
nanosheet under irradiation at the wavelengths of 980 and 800 nm
was estimated to be Aggo =3 x 10 * and Aggg = 5 x 1074, respectively
(58). Because the values of h,;; and hgy, for single-layer GO nanosheets
are not available in the literature, estimations have been undertaken
using the values for graphene (60)—h,ir ~1 X 10°W m2 K ! and
hoap ~5 X 107 W m™ K! for silica (SiO,) and coverslip. Further-
more, because of hyir < hgyb, Eq. 4 can be simplified as follows

_1-(1-107

AT
hsub

©)

The photothermal GO reduction has been reported at a tem-
perature of ~230°C (61); therefore, this study considered that
AT =200 K can produce a photothermal reduction of a single-layer
GO nanosheet initially at room temperature. The estimated intensi-
ty yielding AT = 200 K from room temperature in a single-layer GO
nanosheet deposited onto ITO-coated coverslip was several orders
of magnitude higher than that of the beams at the wavelengths of
980 and 808 nm used throughout this research, and therefore, the
photothermal GO reduction was considered negligible. The ther-
mal increase in the sample strongly depends on the properties of
heat dissipation of the substrate onto which the single-layer GO
nanosheet was deposited. In this context, ITO-coated coverslip
offered efficient heat dissipation away from GO, preventing thermal
increase under the considered conditions.

Modeling upconversion and RET in GO-conjugated UCNPs
under dual-beam irradiation

The model describing upconversion and RET in the GO-conjugated
UCNPs under dual-beam irradiation was built considering that only
the transfer of high-energy quanta from the 'D, and 'I4 levels of
Tm’* to GO is efficient. The optical bandgap of GO is typically in
the range from 2.7 to 3.5 eV (62, 63) and corresponds to a larger
energy gap than the 'G, energy level and lower energy levels of Tm®*
to the *He ground state. Furthermore, spectroscopy evidence shows
a much weaker absorption of GO at longer upconversion emission
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wavelengths compared with the UV upconversion emission gener-
ated from the 'D, and I levels. Under the assumption of fast non-
radiative decay for the 3Hs—>F, and 3F2)3—>3H4 transitions, and thus
combining each pair of energy levels into a single level, the follow-
ing set of rate equations was established.
For Yb" ions:
«Yb** (*Fy),), ground-state ng;

dn51 _ _dl’lsz (6)

dt dt

«Yb** (°Fs),), excited-state ng,

dl’lsz
di

cang+ (1 —ETy6)csns)ng; )

= Pogonsi — Wsngy — (ciny + cany + czns + (1 — ET 5)

For Tm>" ions:
«Tm’" (*Hg), ground-state 7,

dn dn;
Y ®)
«Tm* (°F4, °Hs), excited-state 1,
dny
dt
(1 =ET,5) Wsns + bea(1 — ET ) Weng + 2ksinins + kgymng - (9)

= cinsany — cansaiy — Wang + b3y Wans + by Wyny + bs,

«Tm** (*Hy, °F,3), excited-state 713

dn
d—t3 = Pgog(ni — n3) +cansyny — cansang — Winz + bys Wyny + bss
(1 =ET,5) Wsns + be3(1 — ET ;6) Wene — kaynyns +
kg ning+2ksy nyns (10)
Tm** (*Gy), excited-state 1y
di’l4
g - C3nsans - (1 —ET,s)cansang — Wany +
bsy(1 — ET,;5) Wsns + bsy(1 — ET6) Weneg — kgyining (11)
«Tm** ('D,), excited-state 15
di’l5
e (1 -ETus)cansang— (1 - ET6) csnsans — (1 = ET,5) Ws
ns + bgs(1 — ET 6) Weneg — ksynins (12)
«Tm>" (), excited-state n¢
dl’l6
e (1 —ET,6) csnsans — (1 — ET,6) Wene (13)
For GO:
«GO, ground-state ngo;
dngoy dngo2
= — 14
dt dt (14)
«GO, excited-state ngo,
dn dn dn
d(;oz = ETnSd—tS + ETnGd_ts - Weo2n602 (15)

hosoloso » o . .
where Pogy = (w> is the excitation rate of Yb®>" under irradi-

C
ation at the wavelength of 980 nm, and Igg is the intensity of the
beam at the wavelength of 980 nm for excitation; Pgos = W)
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is the absorption/stimulated emission rate of Tm>" under irradia-

OsTED Asos 508 )
he

(n; — n3) is the net effect of absorption/stimulated emission, and Igpg
is the intensity of the beam at the wavelength of 808 nm for deple-
tion; oyy is the absorption cross section of Yb** for the wavelength
of 980 nm; osrep is the absorption/stimulated emission cross sec-
tion of Tm>" for the wavelength of 808 nm; Aggg is the wavelength of
the beam for excitation; Aggg is the wavelength of the beam for de-
pletion; h is Planck’s constant; ¢ is the light speed; W is the intrinsic
decay rate of the excited Yb"; ¢; is the upconversion coefficient be-
tween the excited Yb>* and Tm®" on level i; W; is the intrinsic decay
rate of Tm>* on level i; bj; is the branching ratio for Tm’* decaying
from level i to level j, satisfying Y'=1b; = 1; k; is the cross-relaxation
coefficient between Tm>" on level i and level j; ET,; is the energy
transfer from Tm>" to GO; and # is the electronic population in a
specific energy level fulfilling the following conditions

tion at the wavelength of 808 nm, so that the term of (

ns1+ns; =1 (16)
n1+n2+n3+n4+n5+n6:1 (17)
ngo1 +ngoz = 1 (18)

The model presented here involves parameters specific to the
properties of UCNPs and GO. The reaction constants can be fixed,
leaving only Iogo and Isog as variables. To validate the model, a com-
bination of highly doped Yb/Tm co-doped NaYF, UCNPs and GO
was simulated using the parameters in table S1.

Simulated lateral feature size under dual-beam
super-resolution irradiation

In dual-beam super-resolution optical techniques, such as STED
microscopy, a Gaussian-shaped beam for excitation is spatially
overlapped with a doughnut-shaped beam for depletion, thereby
confining the effective point spread function to the center of the
doughnut at the nanoscale. The model based on rate equations previ-
ously developed was used to determine the population of electrons
in the energy levels of the GO-conjugated UCNPs. Thus, by simulat-
ing the distribution of the intensity of the beams at the wavelength
0f 980 nm for excitation and the wavelength of 808 nm for depletion
in the focal region, it was possible to evaluate the lateral feature size
under dual-beam super-resolution irradiation. This study consid-
ered a circularly polarized beam at the wavelength of 980 nm and a
circularly polarized vortex beam at the wavelength of 808 nm
generated by passing through a 2r vortex phase plate with a helical
phase retardation from zero to 2r focused with a high NA objective
lens. The electric field in the focal region was (26)

E;

E(r,g.z)= |Ey| =

: A 27
‘lz%ff oJo A(®)exp(imo)sin 6cos 0 x

exp [ik(z cos 0 + r sin 0 cos (0 — @) ) ]
(cos® cos O +sin® ) + i cos ¢ sin ¢(cos O — 1)
cos ¢ sin ¢p(cosO — 1)+ i(coszq) + sin2c|> cos 0) |dO do
sin 0 exp(+i0)

(19)
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where r, @, and zare the cylindrical coordinates; ¢ is the azimuthal angle
of the incident beam; k = 2n/\ is the wave vector; fis the focal length
of the high NA objective; o is the maximal NA angle; and 6 is the NA
angle that varies between 0 and . Assuming that the optical system
is in free space (i.e., the index of refraction # is 1), the maximal angle
o is a = arcsin (NA/n), where n is the index of refraction of the
material in the focal region, A(8) is the pupil anodization function
at the surface of the objective’s aperture, and exp(im¢) is the vortex
phase factor of the incident beam. For the beam at the wavelength of
980 nm, m = 0, while for the beam at the wavelength of 808 nm pass-
ing through the 2r phase plate, m = 1. The symbol + relates to the
handedness of the circularly polarized beams. Right circular polar-
ized beams were considered in this calculation. For the focal spot
calculation, the considered NA for the objective lens was 1.4. Having
established the depletion efficiency of upconversion emission at the
wavelength of 450 nm in UCNP-only and GO-conjugated UCNPs
under excitation at the wavelength of 980 nm and depletion at the
wavelength of 808 nm, the intensity distribution in the focal region
was determined by applying the vectorial Debye theory (26).

Calculation of high-energy quanta yielding GO reduction
during RETA optical writing
The number of high-energy quanta generated through upconversion
of the beam at the wavelength of 980 nm yielding GO reduction
during RETA optical writing was estimated considering the corre-
sponding total UV photon dose @ associated with the photochemical
GO reduction, calculated as
A

O =7Ix (E) X t
where I is the intensity of the beam at the wavelength of 980 nm, A
is the irradiation wavelength, h is Plank’s constant, c is the light
speed, and ¢ is the exposure time. For the considered experimental
conditions (intensity of the beam at the wavelength of 980 nm I of
0.13 MW cm ™ and exposure time ¢ of 30 s), the resulting photon
dose @ is of 1.9 x 10 photons cm ™2 Furthermore, considering
Eggr of ~83% for UCNP-GO pair and a typical UV conversion effi-
ciency NV of ~1% for UCNPs, the number of the high-energy
quanta yielding GO reduction was of 1.6 x 10> quanta cm 2.,

(20)

Calculation of the optical bandgap for GO and rGO

The optical bandgap values for GO and rGO were calculated from

the UV-visible absorption data using the Tauc relation
(ahv)" = K(hv - Ey) (21)

where o is the absorption coefficient, kv is the incident photon energy,

Ej is the optical bandgap energy, and K is a constant. The parameter

n is indicative of the nature of transition and for these samples is

equal to 2. The optical bandgaps of GO and rGO were determined
using a linear extrapolation to the Tauc plot as shown in fig. S28.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/9/eabe2209/DC1
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